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During anuran metamorphosis, larval-type myotubes in both trunk and tail are removed by apoptosis, and only trunk
muscles are replaced by newly formed adult-type myotubes. In the present study, we clarified the regulatory mechanisms
for specific developmental fates of adult and larval muscles. Two distinct (adult and larval) types of myoblasts were found
to exist in the trunk, but no or very few adult myoblasts were found in the tail. Each type of myoblast responded differently
to metamorphic trigger, 3,3,5-triiodo-L-thyronine (T3) in vitro. T3-induced cell death was observed in larval myoblasts but
not in adult myoblasts. These results suggest that the fates (life or death) of trunk and tail muscles are determined primarily
by the differential distribution of adult myoblasts within the muscles. However, a transplantation study clarified that each
larval and adult myoblast was not committed to fuse into particular myotube types, and they could form heterokaryon
myotubes in vivo. Cell culture experiments suggested that the following two mechanisms are involved in the specification
of myotube fate: (1) Heterokaryon myotubes could escape T3-induced death only when the proportion of adult nuclei
number was higher than 70% in the myotubes. Apoptosis was not observed in any larval nuclei within the surviving
heterokaryon myotubes, suggesting the conversion of larval nuclei fate. (2) Differentiation of adult myoblasts was promoted
by the factor(s) released from larval myoblasts in a cell type-specific manner. Taken together, the developmental fate of
myotubes is determined by the ratio of nuclei types, and the formation of adult nuclei-rich myotubes was specifically
enhanced by larval myoblast factor(s). © 2002 Elsevier Science (USA)
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Anuran metamorphosis provides an excellent model to
study remodeling of the body, because each organ in a
tadpole chooses one of three different fates during meta-
morphosis (Su et al., 1999; Yoshizato, 1989). The first types
of organs are larval-specific organs, such as tail and gills.
These organs are completely removed by apoptosis (pro-
grammed cell death) (Kerr et al., 1974; Nishikawa et al.,
1989; Nishikawa and Yoshizato, 1986). The second types
are adult-specific organs such as limbs. Limbs develop as
undifferentiated primordia (limb buds) in the beginning and
differentiate gradually (Shimizu-Nishikawa et al., 1999).
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All rights reserved.The last types are organs which transform from larval to
adult-type (e.g., intestine and trunk muscle). This transfor-
mation is characterized by the destruction of preexisting
larval tissues and their replacement by newly formed adult
tissues. For example, the epithelium of Xenopus intestine
changes from larval to adult form during metamorphosis.
This transformation contains two processes: degeneration
of the primary larval epithelium by apoptosis and develop-
ment of the secondary adult epithelium with cell prolifera-
tion (Ishizuya-Oka and Ueda, 1996). In the case of muscle
development, adult-type myotubes are formed with new
myogenesis at the dorsomedial part in trunk muscles, and
the “adult area” expands gradually from dorsal to ventral
with anteroposterior gradient (Nishikawa and Hayashi,
1994). Apoptosis of myotubes was observed only in larval-To whom correspondence should be addressed. Fax:81 852 32
type myotubes (Nishikawa and Hayashi, 1994, 1995). Inter-
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estingly, the manners of cell death observed in trunk and
tail muscles are the same. The formation of muscle apop-
totic bodies, DNA fragmentation, and phagocytosis by
macrophages are observed in both regions (Nishikawa and
Hayashi, 1995). Therefore, larval-to-adult conversion is not
a simple transformation within the same cells but a replace-
ment of preexisting tissues.
All metamorphic changes are controlled by the thyroid
hormone, 3,3,5-triiodo-L-thyronine (T3) (Kaltenbach, 1996).
The molecular mechanism of T3 action had been well studied
in mammals: T3 modulates gene transcriptions through its
nuclear transcription factors or thyroid hormone receptors
(TRs) (Mangelsdorf et al., 1995). Genes for Xenopus laevis TRs
have been cloned, and their expression patterns during meta-
morphosis were examined (Yaoita and Brown, 1990; Yaoita et
al., 1990). Recently, Schreiber et al. (2001) demonstrated that
transgenic X. laevis tadpoles expressing a dominant negative
form of TR are resistant to many metamorphic changes
induced by T3. Transcriptions of many metamorphosis-related
genes are known to be regulated directly by T3 through TRs, as
observed in mammals (Sachs et al., 2000). High level expres-
sion of TR genes is found in the tissues under remodeling (e.g.,
stage 58 hindlimbs and stage 63 tails) (Yaoita and Brown,
1990), suggesting tissue-specific gene activation during meta-
morphosis by T3. In addition, primary cell culture studies
suggested that many metamorphic changes induced by T3 are
cell-autonomous. For example, T3 induces adult-specific phe-
notypes in larval trunk epidermal cells (Nishikawa et al.,
1990, 1992; Shimizu-Nishikawa and Miller, 1992), and apo-
ptoses of tail myoblasts (Shibota et al., 2000) and larval
intestinal epithelial cells (Su et al., 1997). Therefore, T3 acts
directly on each tissue and modulates the transcription of
metamorphosis-related genes through TRs in a tissue-specific
manner.
Although the mechanism of T3 action during anuran
metamorphosis has been well studied at the cellular and
molecular levels, little is known about the regulatory
mechanisms that determine the fates of adult and larval
cells in transforming organs. In such organs, adult and
larval tissues closely coexist, suggesting that they share the
same local environment (e.g., growth factors and hor-
mones). Therefore, it is important to know how adult and
larval tissues select each cell type-specific fate under the
influence of T3. It is also important to clarify the interaction
between adult and larval tissues during cell replacement.
To analyze these, we chose muscle as a model system. In
the present study, we developed in vivo and in vitro
systems with interspecies hybrid (heterokaryon) myotubes.
In these systems with nuclear marker (Thiebaud, 1983), we
could trace the fates of adult and larval nuclei in the
myotubes. We found that the different fates of adult and
larval myotubes were not determined by a cell type-specific
fusion process. However, they were determined by the
proportion of nuclei type in the heterokaryon myotubes.
Furthermore, we found that the formation of adult nuclei-
rich myotubes was selectively promoted by the factor(s)
released by larval myoblasts.
MATERIALS AND METHODS
Animals
Adults of the African clawed frog, X. laevis, were obtained from
local animal suppliers. Adults of Xenopus borealis were kindly
provided by Dr. S. Tochinai (Hokkaido University). Fertilized eggs
were grown to young adults (2–3 cm in the body length) in our
laboratory at 23–24°C. Tadpoles were staged as described (Nieuw-
koop and Faber, 1967).
Cell Culture
Larval and adult myogenic cells of X. laevis and X. borealis were
isolated and cultured as described (Shibota et al., 2000). Except for the
Fig. 2 experiment, adult and larval myoblasts were isolated from
froglet hindlimbs and stage 53–54 tadpole tails, respectively. More
than 80% of isolated cells were desmin-positive myogenic cells
(Shibota et al., 2000). The data presented in Figs. 2, 6, 7, and 9 were the
averages of two or three dishes. We employed the number of nuclei
incorporated into myotubes as a marker for differentiation because
fusion index is a quantitative marker for muscle differentiation and
closely correlates with expression of differentiation-related proteins,
such as myosin heavy chain and dystrophin (Torrente et al., 2001).
Separation of trunk and tail myoblasts was performed as follows
(also see the schematic drawing in Fig. 2B). Myoblasts isolated from
the trunk and tail of stage 59 tadpole were inoculated at 50–100 104
cells/dish (35-mm dish). Three days after inoculation, cells were
harvested by a trypsin digestion and loaded on top of the continuous
gradient of Percoll (Sigma, St. Louis, MO). The continuous gradient of
Percoll was prepared by precentrifugation (20,124g, 20 min) of a
solution of 66% Percoll in PBS (Nishikawa et al., 1990). The Percoll
gradient with cells was centrifuged (340g, 20 min). After centrifuga-
tion, the major cell band (1.036–1.060 g/cm3) was collected, washed,
and subjected further to the albumin-unit gravity sedimentation
(Nishikawa et al., 1990). After 30 min of sedimentation, each band of
cells (see Fig. 2B) was collected, washed, and inoculated.
Mixed cultures (heterokaryon myotube formation) of X. laevis
and X. borealis were performed as follows. For adult myoblasts of
two species, they were inoculated at a ratio of 1:1. For adult and
larval myoblasts, they were inoculated at a ratio of 1:8, unless
specified otherwise. Since the growth rate of adult myoblasts was
higher than larval myoblasts, this ratio resulted in approximately
the same number of adult and larval myoblasts 7 days after
inoculation (data not shown).
Inoculated cell numbers were varied according to the experi-
ment. In the experiments of Figs. 2A, 2D, 6, and 9B–9D, cells were
inoculated at 2  104 cells/well (5-mm diameter, 96-well plate). T3
was added to a final concentration of 108 M 1 day after inocula-
tion. For quinacrine staining (see Figs. 7 and 8), cells (4  104 cells)
were suspended in 20 l of culture medium and inoculated into a
circular area (5 mm diameter) of the cover glass, which was placed
within a 12-well (22-mm) plate. The culture medium (1 ml, with or
without 108 M T3) was added to the well 4–5 h after inoculation.
Conditioned Medium
Adult or larval myoblasts (3  104 cells) were inoculated as a
drop of 5 mm diameter in a 12-well plate. After cell adhesion, 1 ml
of culture medium was added (same condition as in Fig. 9A). The
culture medium was collected on the second day of culture, passed
through filters (0.2-m pore size), and stored at –20°C. Thawed
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medium was mixed with fresh culture medium at a ratio of 1:1 and
used as a conditioned medium. The factor(s) in a conditioned
medium were separated according to their molecular weights by
Centricon YM-10 (molecular weight 10,000 cut-off) (Millipore,
Bedford, MA).
Immunohistochemistry and Quinacrine Staining
Tissues and cultured cells were fixed in Carnoy’s fixative and
ethanol, respectively. For immunohistochemistry, rehydrate sec-
tions were incubated with anti-skeletal myosin antibody (clone
MY-32, 1:200) (Sigma) or anti-proliferating cell nuclear antigen
antibody (PCNA; clone PC10, 1:50) (DAKO, Denmark), and then
with Envision (DAKO). Diaminobenzidine was used for the peroxi-
dase substrate. After the reaction, the specimens were counter-
stained with methyl green. Quinacrine staining was performed as
described (Thiebaud, 1983), except that the concentration of quina-
crine was 0.025% instead of 0.5%.
Analysis of DNA Fragmentation in Situ
Cell death was analyzed by using TUNEL (TdT-mediated dUTP
nick-end labeling) reaction based on DNA nick-end labeling (Gavrieli
et al., 1992). After TUNEL reaction, cells were immunostained with
anti-desmin antibody (clone DE-B-5, 1:100) (Oncogene Science, Cam-
bridge, MA) (Shibota et al., 2000) (see Fig. 2). For double staining with
quinacrine and TUNEL reaction (see Fig. 8), rhodamine-dUTP (Roche
Diagnostics, Mannheim, Germany) was used instead of FITC-dUTP.
After TUNEL reaction, cells were stained with quinacrine.
Transplantation
Myogenic cells were harvested by a trypsin digestion on the second
or third day of the culture and reinoculated into hydrophobic petri
dishes (5 105 cells per 35-mm diameter dish) and cultured for 2 days
with gentle rotation (60 rpm) to make cell aggregates. Tadpoles were
anesthetized with 0.05% MS222 (Sigma, St. Louis, MO). One part of
FIG. 1. Heterogeneity of myotubes in the trunk region during development. Cross-sections of the trunk regions (at the level of forelimbs;
stage 54) were shown. (A–C) X. laevis. (D–F) X. borealis. Expression of adult-type myosin heavy chain (A, D) and histological morphology
(B, E; hematoxylin and eosin staining) were examined in serial sections (A–C or D–F). (C, F) Negative controls (without primary antibody)
for immunohistochemistry. Arrowheads indicate MY32-positive (adult-type) myotubes, and asterisks represent MY32-negative (larval-type)
myotubes. Note that the diameter of the former is much smaller than that of the latter in both species. (G) Expression of MY32 in the trunk
region at climax of metamorphosis (stage 63). At this stage, most myotubes are replaced by adult (MY32-positive) myotubes. Scale bar, 20
(A–F) and 200 m (G).
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the host trunk skin was removed, and the cell aggregate with an
appropriate size (about 200 m in diameter) was placed with tungsten
wire pin (20 m; Nilaco, Tokyo, Japan). The tadpoles with grafts were
kept for 2 days in 30% phosphate-buffered saline containing calcium
and magnesium and then grown in dechlorinated tap water. Pins were
removed 2 days after transplantation.
Measurement of DNA Amount
Total DNA amount of cultured cells was measured as described
(Shibota et al., 2000).
RESULTS
Heterogeneity of Myoblasts and Myotubes in the
Trunk during Development
As shown in Figs. 1A–1F, MY32 (anti-skeletal myosin
antibody)-positive myotubes were small in diameter (arrow-
heads), suggesting that these were newly formed myotubes.
Our previous study showed that MY32-reactive myosin is a
useful adult muscle marker (Nishikawa and Hayashi, 1994).
FIG. 2. Cell type-dependent patterns of T3-induced death. (A) Apoptosis of myoblasts was examined by using TUNEL reaction. Myoblasts were
isolated from the trunk (dorsal body muscle) or tail of stage 55 larvae, or adult frog hindlimb. Myogenic cells were cultured for 1 day and then
incubated for 7 days with (shaded boxes) or without (open boxes) T3. T3 induced the deaths of larval myoblasts in both the tail and trunk but had
no effect on adult myoblasts. (B) The experimental procedure for separation of myoblasts. Fifteen to eighteen tadpoles at stage 59 were used for
one experiment. One day after inoculation, T3 was added. (C) The cell number after separation was counted with a hemocytometer and indicated
in the y-axis. The ratio (%) of each cell fraction to total trunk or tail cells was presented at the top of each bar. (D) Effect of T3 on separated cells.
Cells were cultured with or without T3. The relative cell number was estimated by DNA content at the indicated days.
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Figure 1G also clearly indicates that most trunk myotubes
at stage 63 (climax stage of metamorphosis) were replaced
by MY32-positive (adult) myotubes. The diameters of
MY32-negative larval myotubes were relatively large (aster-
isks). Although both adult- and larval-type myotubes exist
in the trunk region of the developing tadpole (e.g., stage
53–63) (Fig. 1), it is not clear that two types (larval and
adult) of myoblasts really exist in the trunk during
myotube replacement. We have shown that myoblasts in
the larval tail differ from those in the adult leg in their
response to 3,3,5-triiodo-L-thyronine (T3). T3 induces cell
death specifically to larval tail myoblasts (Shibota et al.,
2000). If both adult and larval myoblasts exist in the
trunk region during metamorphosis, T3 will selectively
kill only larval myoblasts but not adult myoblasts. On
the other hand, no (or very few) adult myoblasts may
exist in the tail muscles because they are completely
absorbed during metamorphosis. Consequently, differ-
ences in the rate of T3-induced death should be observed
between the tail and the trunk myoblasts. To test this,
we isolated myoblasts from the trunk and tail and com-
pared their responses to T3.
Figure 2A shows the effects of T3 on myoblasts from the
trunk or tail at the premetamorphic stage (stage 53–54). T3
induced cell death to both the trunk and tail myoblasts.
This result is consistent with our previous result showing
that apoptotic areas existed in both the trunk and tail
(Nishikawa and Hayashi, 1995). However, it is clear that
the rate of T3-induced cell death was much lower in trunk
myoblasts than in tail myoblasts. This result suggests that
the number of larval (“T3-sensitive” in regard to cell death)
myoblasts in the trunk muscle is less than that in the tail
muscle. The surviving TUNEL-negative myoblasts in the
trunk may be adult (“T3-insensitive” in regard to cell death)
myoblasts which can proliferate and form adult myotubes.
In fact, localization of highly proliferative cells (PCNA-
expressing cells) was associated with adult (MY32-positive)
myotubes (Figs. 3B and 3C; arrowheads) but not with larval
(MY32-negative) ones (Fig. 3; asterisks and open triangles).
Furthermore, we confirmed the existence of two types
(T3-sensitive and -insensitive in regard to cell death) of myo-
blasts in the trunk through the separation of these cells (Fig.
2B). Precultured myoblasts were dissociated and enriched by
removing the differentiated myotubes by a Percoll-density
gradient centrifugation. The myoblasts were separated further
by an albumin-unit gravity sedimentation. Trunk myoblasts
were separated into two major bands (52.5% trunk-1 and
47.5% trunk-2), while tail myoblasts were separated into one
major (83.8% tail-1) and one minor (16.2% tail-2) bands (Figs.
2B and 2C). Each cell fraction contained myogenic cells
because they were desmin-positive and could differentiate
into myotubes at a high rate (data not shown). The effect of T3
on each cell fraction was examined. However, we could not
analyze the tail-2 fraction because the cell number was insuf-
ficient for experimentation (Fig. 2C). As shown in Fig. 2D, the
cell number of tail-1 and trunk-1 fraction decreased in the
presence of T3, whereas the trunk-2 did not. We assume that
the trunk-2 is adult myoblasts and the trunk-1 and tail-1 are
larval myoblasts for the following reasons: (1) The tail-1 and
trunk-1 myoblasts died by T3 but trunk-2 did not. The
difference in T3-responsiveness between trunk-1 (or tail-1) and
trunk-2 is similar to that in larval and adult myoblasts
(Shibota et al., 2000). (2) The majority (83.8%) of tail myo-
blasts were classified into the tail-1 fraction. Taken these
together, two distinct (larval and adult) types of myoblasts and
myotubes exist in the trunk region during metamorphosis,
and their fates are regulated differently by T3.
Fusion of Myoblasts Was Independent of Their
Intrinsic Fates
As shown in Fig. 1, adult and larval myotubes closely
coexisted. What controls the formation of a particular
myotube type? One possible mechanism is cell type-
specific fusion. If adult myoblasts can fuse only with
themselves but not with preexisting larval myotubes, adult
myotubes will be selectively formed and larval myotubes
will be removed by programmed cell death. To test this
possibility, we performed a transplantation experiment
using a nuclear marker system (X. laevis and X. borealis) to
trace cell fates. As shown in Fig. 1, the process of adult
myotubes formation was exactly the same in X. laevis and
X. borealis. In both species, adult-type (MY32-positive)
myotubes are small in diameter (Fig. 1). Furthermore,
proliferating cells were colocalized with adult-type myo-
tubes in both species (data not shown). Thus, X. laevis and
X. borealis can be used for the transplantation study.
Myogenic cells were isolated from the tadpole tail or
adult hindlimb muscles of X. borealis, and cell aggregates
were transplanted into X. laevis tadpoles. Adult myoblasts
could fuse with trunk or tail muscles (Figs. 4A and 4B) and
larval tail myoblasts could fuse with trunk muscles (Fig.
4C). Transplanted myoblasts migrated over a wide area; for
example, X. borealis nucleus located about 1000 m from
transplanted site (Fig. 4A, dotted line). In another case,
myoblasts migrated more than 5000 m (Figs. 4B and 4C
could not indicate transplanted site, because migration
occurred through a long distance). This indicates that
heterokaryon myotubes with larval and adult myoblasts
may be formed over a wide area in vivo.
We further examined the myoblasts fusion process in
vitro. Adult myoblasts of X. laevis and X. borealis could
fuse with each other in culture (Fig. 5A). Myoblasts from
different stages also fused: Larval and adult myoblasts fused
to form heterokaryon (hybrid) myotubes (Fig. 5B). Further-
more, fusion of adult myoblasts with preexisting larval
myotubes was also observed in vitro (Fig. 5C) as well as in
vivo (Fig. 4B). These in vivo and in vitro results suggest that
fusion of myoblasts is independent of their intrinsic fates,
and adult myoblasts fuse with preexisting larval myotubes
during metamorphosis.
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Control of Developmental Fates in Heterokaryon
Myotubes
How do larval and adult myotubes decide their develop-
mental fates, life or death, under the conditions where adult
and larval cells closely coexist and easily fuse each other?
To answer this, we analyzed the response of heterokaryon
myotubes (adult and larval myoblasts) to T3. The number of
adult myotubes was not affected by T3 (Fig. 6A). However,
T3 decreased the number of larval myotubes (Fig. 6B). This
decrease is due to the detachment of myotubes by T3-
induced death (Shibota et al., 2000). Interestingly, hetero-
karyon myotubes showed intermediate character (Fig. 6C).
T3 slightly decreased the number of heterokaryon myotubes
during the culture period, indicating that T3-induced death
to heterokaryon myotubes as well as to larval myotubes.
However, the rate of decrease was much lower in hetero-
karyon myotubes than in larval myotubes (compare Figs. 6B
and 6C), suggesting that heterokaryon myotubes are par-
tially resistant to T3-induced cell death.
In order to clarify the mechanism of the partial resistance
to T3-induced death of heterokaryon myotubes, we further
analyzed the types of nuclei in myotubes. On the 7th day of
culture, myotubes with various combinations of adult and
larval nuclei were observed in the absence of T3 (Fig. 7B;
cont, 7 days). Heterokaryon myotubes that contained 40–
60% adult nuclei (60–40% larval nuclei) were found to
have the highest frequency. Typical heterokaryon myo-
tubes are shown in Fig. 7A (cont, 7 days). In contrast to the
FIG. 3. Distribution of adult-type myotubes and proliferating cells. Expressions of adult-type myosin heavy chain (A, B, D) and PCNA (C,
E) were examined in serial sections of the X. laevis trunk region. “Adult area” expanded from dorsomedial region (A). Arrowheads indicate
MY32-expressing adult-type myotubes (B) and PCNA-positive nuclei (C). MY32-negative larval-type myotubes are marked with asterisks.
Note that the PCNA-negative nuclei (open triangles) were associated with larval-type myotubes. Scale bar, 200 (A) and 20 m (B–E). Similar
results were obtained from X. borealis samples (data not shown).
96 Shimizu-Nishikawa et al.
© 2002 Elsevier Science (USA). All rights reserved.
variety of nuclei-ratio in heterokaryon myotubes without
T3, most T3-treated heterokaryon myotubes were rich in
adult nuclei. As indicated by the asterisks, there were no
heterokaryon myotubes dominated by larval nuclei in the
T3-treated culture (Fig. 7B). Figure 7A (T3, 7 days) shows a
typical adult nuclei-rich myotube which contained 14 adult
nuclei and 2 larval nuclei (87.7% adult nuclei). These
observations suggest that high adult nuclei content in
FIG. 4. Formation of heterokaryon myotubes in vivo. Cell aggregates were prepared from adult hindlimb (A, B) or stage 53–54 tail (C) of
X. borealis, and transplanted into X. laevis (stage 48) trunk (A, C) or tail (B). Animals were fixed 9 days after transplantation. Sections were
stained with quinacrine (A–C), photographed, and then stained with hematoxylin and eosin (A–C). Nuclei of X. borealis show bright
fluorescent spots (arrows) and can be distinguished from those of X. laevis (arrowheads) (Thiebaud, 1983). Dotted line in (A) shows the
transplanted cell aggregate. Since transplanted myoblasts migrated over a wide area, the number of incorporated X. borealis nuclei seems
few in one microscopic field. Scale bar, 20 m.
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heterokaryon myotubes leads to survival of the myotubes
even in the presence of T3. In other words, larval nuclei can
be rescued by adult nuclei from T3-induced cell death.
We further confirmed the absence of apoptotic nuclei in
the surviving heterokaryon myotubes in the presence of T3.
As shown in Figs. 8A and 8B, larval nuclei (arrows) in adult
nuclei-rich heterokaryon myotubes were TUNEL-negative
in the presence of T3. On the other hand, mononucleated
larval myoblasts (open triangle) were TUNEL-positive.
Little if any larval nuclei-rich myotube was found in the
culture with T3 (Fig. 7B, asterisks) because they peeled from
culture dishes when they died. One rare case is presented in
Fig. 8C. The myotube appeared to be dying (rounded and
shrunk) and most nuclei in this myotube were larval-type
and TUNEL-positive (wedges).
We thought that the resistance of larval nuclei to apopto-
sis in surviving heterokaryon myotubes was due to a
protective mechanism for larval nuclei by adult nuclei
rather than a loss of responsiveness to T3. Since larval
myoblasts (with or without T3 responsiveness) have a
potential to fuse with any type of myoblasts and differen-
tiate as shown in Fig. 8C, one can expect that some (if not
all) larval nuclei in heterokaryon (either larval or adult
nuclei-rich) myotubes respond to T3 and become TUNEL-
positive. However, no TUNEL-positive larval myoblasts
were found in the surviving (healthy) heterokaryon myo-
tubes. Therefore, this suggests that some protective mecha-
nism should exist for larval nuclei in the heterokaryon
myotubes. Larval nuclei themselves were programmed to
die in the presence of T3, but they could be rescued by adult
nuclei. This indicates that the fate of larval myoblasts can
be converted from death to life in heterokaryon myotubes.
Differentiation of Adult Myoblasts Was Promoted
by Larval Myoblasts
Only heterokaryon myotubes with high (70%) adult
nuclei ratio could survive in the presence of T3 (Fig. 7B).
Thus, there would be an efficient incorporation of adult
myoblasts into newly formed myotubes in order to create
FIG. 6. Heterokaryon (adult and larva) myotubes are partially
resistant to T3-induced cell death. Adult (A), larval (B), or both adult
and larval (C) myoblasts were cultured with (shaded boxes) or
without (open boxes) T3. The number of myotubes was counted 3
and 7 days after inoculation.
FIG. 5. Formation of heterokaryon myotubes in vitro. (A) Fusion of
myoblasts from different species. Adult myoblasts of X. laevis and X.
borealis were cultured for 7 days. (B) Fusion of myoblasts from
different stages. Adult (X. borealis) and larval (X. laevis) myoblasts
were cultured for 7 days. (C) Fusion of adult myoblasts with preexist-
ing larval myotubes. Larval myoblasts (X. laevis) were cultured for 5
days to form myotubes, and then adult myoblasts (X. borealis) were
added to the culture. Cells were fixed 4 days after addition of adult
myoblasts. Nuclei of X. borealis and X. laevis were indicated by
arrows and arrowheads, respectively. Scale bar, 50 m.
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adult nuclei-rich myotubes. We therefore examined the
interaction between larval and adult myoblasts.
Adult and larval myoblasts were cultured together
(mixed culture), and incorporation of each type of nuclei
was examined. Incorporation of adult nuclei into myo-
tubes was selectively enhanced when adult and larval
myoblasts were cultured together, whereas that of larval
myoblasts was not affected (data not shown). However,
there is a possibility that higher cell density in a mixed
culture promotes the fusion of adult myoblasts. To
exclude this, we designed a coculture system of adult and
larval myoblasts with constant cell density per area
(separated coculture; Fig. 9A). In this experiment, the
number of adult nuclei in myotubes increased when
larval myoblasts existed in the same culture dish (com-
pare the adult nuclei number in adult-only cultures with
those in cocultures). This result indicates that fusion of
adult myoblasts is promoted by larval myoblasts. Fur-
thermore, the effect of larval myoblasts to adult myo-
blasts was not caused by a direct cell-to-cell contact
FIG. 7. Analysis of nuclei-ratio in heterokaryon myotubes. Larval (X. borealis) and adult (X. laevis) myoblasts were cultured with or
without T3. Types of nuclei in the myotubes were analyzed 3 and 7 days after inoculation. Typical heterokaryon myotubes were shown in
(A). Larval and adult nuclei were indicated by arrows and arrowheads, respectively. Scale bar, 50 m. (B) Myotubes were classified by the
proportion (%) of adult nuclei per total nuclei in one myotube. The result was shown by histogram. Note that there are no heterokaryon
myotubes dominated by the larval nuclei in T3-treated culture (asterisks).
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because it occurred at a certain distance. This suggests
that humoral factor(s) was released from larval myo-
blasts.
We next examined the effect of conditioned medium
from larval myoblast culture (L-CM) on differentiation
(nuclei number in myotubes) and proliferation (DNA con-
tent) of adult myoblasts (Fig. 9B). The L-CM promoted the
differentiation but not proliferation of adult myoblasts.
Therefore, the increase of adult nuclei in myotubes was
solely due to the promotion of differentiation but not to the
increase in cell number by proliferation. Photographs in Fig.
9B show differentiated adult myotubes (arrows) in the
culture with L-CM. Interestingly, the conditioned medium
from adult myoblast culture (A-CM) did not promote adult
myoblast differentiation (Fig. 9B). Collectively, the specific
promotion of adult myoblast fusion by larval myoblast
factor(s) will enhance the formation of adult nuclei-rich
myotubes during metamorphosis.
We further analyzed the property of L-CM through ultra-
filtration (molecular weight 10, 000 cut-off) (Fig. 9C). The
FIG. 8. Larval nuclei did not show apoptosis within the surviving heterokaryon myotubes even in the presence of T3. Adult (X. laevis;
arrowheads) and larval (X. borealis) myoblasts were cultured and T3 was added 1 day after inoculation. Cells were fixed 8 days after inoculation,
subjected to TUNEL reaction (A–C), and then stained with quincrine (A–C). In adult nuclei-rich myotubes, larval nuclei were TUNEL-negative
(arrows, A and B). Nuclei of mononucleated larval myoblasts (open triangles, A and B) or nuclei in larval nuclei-rich myotube (wedges, C) were
TUNEL-positive. Note that larval nuclei-rich myotube showed a sign of death (shrunk myotube). Scale bar, 50 m.
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activity for promoting adult myoblasts differentiation re-
sided in the retentate (R) fraction (compare R and F of L-CM
in Fig. 9C). This suggests that the factor(s) in L-CM has a
molecular weight of more than 10,000. Interestingly,
differentiation-promoting activity in control medium is
also separated by ultrafiltration. However, unlike L-CM,
the activity of control medium resided in the filtrate (F)
(compare R and F of control in Fig. 9C). This might be
explained by an assumption that control medium contains
a factor(s) which antagonizes with the factor(s) in L-CM and
inhibits the differentiation of adult myoblasts. To examine
this, we cultured adult and larval myoblasts with different
concentration of serum, because the inhibitory effect on the
differentiation of adult myoblasts resided in the retentate
fraction of control medium. As shown in Fig. 9D, differen-
tiation of adult myoblasts was inhibited but proliferation
was promoted by the higher concentration of serum. On the
other hand, differentiation and proliferation of larval myo-
blasts were not so affected by the concentration of serum.
The effect of serum is opposite that of L-CM. These results
suggest that the factor(s) released by larval myoblasts is a
modulator (probably an inhibitor) of serum factor(s).
DISCUSSION
Myotube Replacement in the Trunk Is Achieved by
a Distinct Myoblast Population and Similar to the
Secondary Myotube Formation in Mammals
In the present study, we have clarified regulatory mecha-
nisms for the developmental fates of adult and larval
muscle tissues during metamorphosis. Cell culture and
immunohistochemical studies indicated that two types of
myoblasts (larval and adult) exist in the trunk region (Figs.
2 and 3) and regional differences between trunk and tail are
due to the differences in the myoblast population (i.e., more
adult myoblasts in trunk muscle; Figs. 2A, 2C, and 2D).
Therefore, the developmental fates of trunk and tail
muscles are determined at the myoblast level. However, the
lineage of each myoblast is not clear at present.
Studies about mammalian myogenesis are very sugges-
FIG. 9. Differentiation of adult myoblasts was promoted by larval
myoblasts. (A) Effect of separated coculture. Adult and larval
myoblasts were cultured as in a schematic drawing in left. Each
type of myoblasts (3 104 cells) was inoculated into an area (5-mm
diameter) in a 12-well culture plate. The number of nuclei in
myotubes was analyzed at the third day of culture. (B) Effect of
conditioned medium on differentiation and proliferation of adult
myoblasts. Adult myoblasts were cultured with conditioned me-
dium from adult (A-CM) or larval (L-CM) myoblasts or fresh
medium (cont). Differentiation (nuclei number in myotubes) and
proliferation (total DNA content) were examined on the third day
of culture. Right photographs: The typical appearance of adult
myoblasts cultured with L-CM or control medium (cont). Arrows
show differentiated myotubes. Scale bar, 100 m. (C) Fractionation
of L-CM by an ultrafiltration. Adult myoblasts were cultured with
unfractionated [whole (W)] or fractionated [retentate (R)  MW
10,000; filtrate (F)  MW 10,000] media of control or L-CM. A
schematic drawing of fractionation by Centricon is presented in
left. Nuclei number in myotubes were examined on the third day of
culture. Level of unfractionated control medium is indicated by a
dashed line. (D) Effect of serum concentration on differentiation
and proliferation. Adult and larval myoblasts were cultured in the
different concentrations of serum. Differentiation (number of nu-
clei in myotubes) and proliferation (DNA content) were analyzed at
the 10th (adult) or 8th (larva) day of culture.
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tive for the myoblast lineages in Xenopus. Mammalian
myogenesis occurs in two phases, primary and secondary.
Primary myotubes of rats are formed from embryonic day
(E) 14 to E16, and secondary myotubes are formed from E17
to the early neonatal period. Secondary myotubes can be
distinguished from primary myotubes by their relatively
small diameters and myosin isoform expression at the time
of their inception (Cho et al., 1994; Kelly and Zacks, 1969).
Two distinct myoblast lineages (i.e., embryonic and fetal
myoblasts) are thought to be responsible for the generation
of primary and secondary myotubes. Retroviral-mediated
genetic marking of myoblasts revealed that the embryonic
myoblast population is responsible only for the formation
of primary myotubes, while the fetal myoblast population
contributes to both the formation of secondary myotubes
and the growth of preexisting primary myotubes (Dunglison
et al., 1999; Evans et al., 1994).
Mammalian embryonic and fetal myoblasts seemed to
correspond to Xenopus larval and adult myoblasts, respec-
tively, because of their similarity. Rat embryonic myoblasts
differentiate into small myotubes (1–4 nuclei), but fetal
myoblasts developed into large myotubes (10–50 nuclei)
(Pin and Merrifield, 1993). Interestingly, our previous in
vitro data indicated a similar difference. Larval myoblasts
from tadpole tail differentiated into small myotubes (4
nuclei on average), but adult myoblasts differentiated into
large myotubes (12 nuclei on average) (Shibota et al., 2000).
The mechanisms for myogenesis seemed to be conserved
throughout the tetrapod evolution, and similar mecha-
nisms are used in both mammalian embryonic develop-
ment and anuran metamorphosis. Interestingly, similar
conserved mechanisms between anuran and mammal have
been reported for epidermal cells (Shimizu-Nishikawa and
Miller, 1991, 1992). Although there are some similarities
between anuran metamorphosis and mammalian develop-
ment, the former has unique points. For example, Xenopus
larval and adult myoblasts respond differently to the meta-
morphic hormone and choose opposite fates, death or life.
In addition, larval myotubes do not exist after metamorpho-
sis, whereas mammalian primary myotubes persist in
adults. It is likely that the myogenesis mechanism is
conserved between anuran and mammal, but part of the
mechanism is modified for anuran metamorphosis. There-
fore, the analysis of metamorphic changes in anuran muscle
will give new insights into myogenesis from the viewpoint
of evolutionary developmental biology.
Possible Mechanism for Suppression of Apoptosis
in Heterokaryon Myotubes
Larval nuclei could escape the T3-induced apoptosis
when the adult nuclei number exceeds 70% in hetero-
karyon myotubes (Figs. 6–8). Recently, several genes have
been identified as apoptosis-related genes during Xenopus
metamorphosis (Nakajima et al., 2000; Sachs et al., 1997;
Yaoita and Nakajima, 1997). A member of the bcl-2 family,
bax (proapoptotic gene), is expressed in regressing tail
muscles, and its expression is spatially correlated with
apoptosis (Sachs et al., 1997). Expressions of some caspases
also increase in regressing tails, transforming intestines,
and the T3-treated tail myoblast cell line (Nakajima et al.,
2000; Yaoita and Nakajima, 1997). The ectopic expression
of these genes induces apoptosis, suggesting their roles
during normal metamorphosis (Nakajima et al., 2000; Sachs
et al., 1997). Therefore, mRNAs of these genes are probably
transcribed by larval nuclei in heterokaryon myotubes. If
the proportion of larval nuclei is small, the apoptosis-
related gene products will be diluted within the hetero-
karyon myotubes and the cascade for apoptosis will be
blocked. For example, oligomerization of Bax is required for
its insertion into the outer mitochondrial membrane and
formation of a pore (channel) to release cytochrome c,
which activates downstream apoptotic cascade (Antonsson
and Martinou, 2000; Hengartner, 2000). Therefore, the
dilution of Bax protein concentration in myotubes may
inhibit oligomerization of Bax and result in the inhibition
of apoptosis. Likewise, the dilution of caspases in hetero-
karyon myotubes may inhibit the activation of each com-
ponent of the apoptosis pathway by proteolytic cleavage.
Interaction of Adult and Larval Myoblasts during
Metamorphosis
The present study clearly demonstrated that larval and
adult myoblasts are not committed to fuse into particular
(larval or adult) types of myotube by in vivo transplantation
(Fig. 4) and in vitro cell culture (Fig. 5) experiments. Thus,
both larval and adult myoblasts can contribute to any type
of myotube during metamorphosis, although their fates are
regulated differently by T3. However, we demonstrated that
the high content of larval nuclei in heterokaryon myotubes
led them into apoptosis in the presence of T3. Therefore, we
suppose that there should be some mechanisms for the
efficient formation of adult nuclei-rich myotubes other
than the selective fusion mechanism. As shown in Fig. 9,
larval myoblasts promote differentiation of adult myo-
blasts.
Myoblast differentiation is known to be modulated by
several factors, such as fibroblast growth factor, platelet-
derived growth factor, insulin-like growth factor, and trans-
forming growth factor- (TGF-) (Chambers and McDer-
mott, 1996). Among these, TGF- is especially interesting,
because TGF- inhibited differentiation of mouse fetal
myoblasts but not embryonic myoblasts in vitro (Cusella-
De Angelis et al., 1994). They suggested that differential
responses of embryonic and fetal myoblasts to TGF- are
important for selective myogenesis of primary and second-
ary myotubes (Cusella-De Angelis et al., 1994). As de-
scribed above, anuran larval and adult myoblasts are similar
to mammalian embryonic and fetal myoblasts, respec-
tively. Therefore, it is reasonable that differentiation of
Xenopus adult myoblast may also be inhibited by TGF-.
This was supported by the fact that differentiation of adult
myoblasts (but not larval myoblasts) was inhibited by the
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high concentration of serum (Fig. 9D) and the retentate
fraction (10,000 molecular weight) of control medium
contains differentiation-suppressing activity (Fig. 9C). Se-
rum contains TGF- and its molecular weight is higher
than 10,000. Therefore, it is likely that the factor(s) which
was released by larval myoblasts antagonizes TGF- and
specifically promotes the differentiation of adult myoblasts.
It remains to be solved whether modulation of TGF-
activity is responsible for the specific promotion of adult
myoblast differentiation.
In summary, a model for myotube formation during
anuran metamorphosis is schematically presented (Fig. 10).
Larval myotubes of the trunk and tail are produced by the
fusion of larval-type myoblasts (a; thin arrows). Formation
of adult-type myotubes starts from the anterior dorsomedial
region in the trunk muscle. The resulting adult myotubes
consist mainly of adult myoblast nuclei (b), because un-
known factor(s) secreted by larval myoblasts simulates
differentiation of adult myoblasts but not larval myoblasts
(c; dashed arrow). However, some adult and larval myo-
blasts can form heterokaryon myotubes during metamor-
phosis (d; thin arrows). If the proportion of larval nuclei
number is large in a heterokaryon myotube, the myotube
will be removed by T3-induced cell death (e). In contrast,
adult nuclei-rich myotubes will survive in the presence of
T3 (f). Adult myoblasts in the trunk proliferate in the
presence of T3 (g). Few or no adult myoblasts exist in the
tail. Therefore, replacement of larval with adult myotubes
occurs efficiently in the trunk but not in the tail that
undergoes complete regression during metamorphosis.
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